I have been a professor of neurobiology for 18 years, and for each of those years I have been engaged with both teaching and research. During this time, I have participated in many discussions as to whether these two efforts are complementary or antagonistic. On the one hand, active researchers-as-educators can report the latest advances in their field and provide firsthand experience of those discoveries for their students. Indeed, recipients of grants from NSF are regularly asked to describe the ''broader impact'' of their research, which includes how the results of the research will be incorporated into the curriculum. On the other hand, many faculty members feel that professional success depends primarily on their research progress. With increased pressure to raise research funds and manage a research lab, teaching can be a major distraction with few obvious rewards.
Despite my deep discomfort with public speaking (please don't ask me to give a toast at your wedding) and my lack of formal training in education, I love to teach. I enjoy sharing my knowledge and experience and witnessing students gain an appreciation and excitement for the natural world. While there's no question that undergraduate teaching impacts time in the research lab, the rewards outweigh the challenges. We have all heard the quote (simplified and taken out of context) by George Bernard Shaw that ''those who cannot do, teach'' (Shaw, 1903) . I disagree with this idiom in that I believe that active researchers have a unique perspective that can contribute to the student's experience. Moreover, the educational experience can contribute to one's research.
Nearly all research professors know the pleasure of teaching graduate students. Graduate courses are small, the students are engaged and interactive, and professors are usually lecturing on topics in which they are experts. This is an extremely rewarding teaching experience. However, teaching undergraduates is a different experience-for both students and faculty. It is important to say, at the outset, that undergraduate teaching has many different forms and formats, depending on the university and the design of the class. My experience comes from teaching very large classes at a public institution. The smallest class I taught was an upper-division course on neurodevelopment, with 100 students. The largest was an introductory biology course with 800 students. Other researchers teach much smaller undergraduate courses, or courses offered to both advanced undergraduate and graduate students. Despite these differences in teaching context, there are some commonalities in teaching undergraduates, which I will emphasize here.
The Personal Challenges
There are several personal challenges to teaching. First, teaching takes time and energy, and since both are finite resources, the tradeoffs between research and teaching are real. As an assistant professor, I added teaching to the list of responsibilities I put second to my primary focus on establishing my research program. Finding balance-among several professional responsibilities and between professional and personal responsibilities-is something we all need to work out for ourselves.
A second challenge is to prepare for receiving very little positive feedback for what may represent a large amount of effort. You spend hours preparing a lecture for which you feel you have reached the correct balance of concepts and examples, you put together excellent slides to illustrate these concepts, you rehearse the lecture to make sure it all fits into the allotted time, and you manage to present the material without stumbling or accidentally inserting any confusing extra words. You completely nail it-and you have little idea of whether anyone has noticed. If you are funny or an excellent storyteller, you may get some laughs during the lecture. If you have lectured too fast or if you are at all confusing, you will hear the audible groans. But until students are assessed and they give course evaluations, you likely don't know if your teaching efforts have made lasting inroads, or where you stand. Of course, all faculty need to make adjustments based on feedback provided by student evaluations and exam questions that the students found confusing. But on a day-to-day level, professors need to find satisfaction in the internal assessment of a job well done.
As a woman, there is the additional challenge of being judged as a lecturer on a much more personal level. This was brought to light by a recent study demonstrating that teaching videos made by women receive many more critical comments about personality and wardrobe than similar videos posted by men (Amarasekara and Grant, 2018) . The results of this study are not surprising to women who have received teaching evaluations from undergraduates. You learn that you have terrible selection of clothes, you could benefit from a bit more makeup, your voice is grating, or that you are unfriendly. On the positive side, you are serving as a role model for young students-both male and female-and demonstrating that women can be informed and successful scientists. Teaching undergraduates is different from teaching graduate students in many ways. First, undergraduates are often hearing the material for the first time, and therefore it is important to start your explanations from where an introductory biology class ends. Second, and perhaps most importantly, undergraduates have not yet learned that every fact we teach in biology is based on measurements from experiments rather than some ground truth. This is an important but difficult transition for many students to make but is critical for their understanding of biology. This is one of the great challenges, but also great privileges, of teaching undergraduates-guiding students through what may be their first steps toward ''thinking like a scientist.'' Though I cannot claim to fully understand the above quote from Bob Dylan's screenplay for the movie ''Masked and Anonymous,'' it speaks to one of the primary challenges in putting together a curriculum for an introductory course on neuroscience-how to capture the complexities in our current understanding of neurobiology. The field has made such significant strides in the last few decades that it is impossible to assemble a comprehensive curriculum without making hard choices. Do you teach with a historical perspective to emphasize the key findings that led to paradigm shifts? Do you restrict yourself to the current understanding without giving the historical perspective? Do you join the movement toward ''experiential learning'' curricula in which courses are designed to teach students how to think about a given subject rather than fill their minds with facts and figures, thereby further limiting the amount of material to be presented?
A related conundrum is deciding whether to teach a classic model system when current research indicates that the old model is not quite correct. Scientific progress is often made with the realization that any given process is more complicated than first postulated. As an example, consider teaching about lateral inhibition in the retina. Photoreceptors stimulate horizontal cells, a type of interneuron that then inhibits the output of neighboring photoreceptors. This canonical example is a powerful system for teaching how a neural circuit underlies a perceptual change-in this case via contrast enhancement. Further, lateral inhibition is the basis of an optical illusion (the Hermann grid), which is an accessible and engaging teaching tool. That said, the mechanisms underlying horizontal cell inhibition of photoreceptors have been a major source of controversy in the retina field. Most textbooks describe the mechanism as being based on GABA release from horizontal cells, which activates GABA-A receptors on photoreceptor terminals. However, several lines of research implicate other mechanisms of inhibition, including changes in pH and autaptic effects that shift the activation thresholds for voltage-gated calcium channels in photoreceptor terminals to more depolarized potentials. Furthermore, the relative importance of these mechanisms varies with experimental conditions and species. Indeed, a recent paper indicates that horizontal cells may primarily function to control temporal rather than spatial receptive field properties of retinal output, completely changing the textbook paradigm (Drinnenberg et al., 2018) .
So what to teach? If every class ends with ''it's complicated,'' the students are dissatisfied, and an opportunity to reinforce key concepts is lost. On the other hand, if the answer to a student's question is ''we don't know the answer yet, but this is the subject of ongoing studies,'' a student's reaction might be, ''Wow, awesome, I thought of that myself. Maybe science is for me!'' This is an opportunity to help the students transition to thinking like a scientist-for instance, by having them design a definitive experiment to test a hypothesis they might have. These tradeoffs between stoking the student's curiosity and leaving the student frustrated by the lack of clear explanations force faculty to make choices when putting together their lectures but in the end can also enrich the experience. Because researchers are reading the literature attentively, communicating within the field, and grappling with the issues directly in their research, they are well prepared to cope with the complexities of experimental literature and put together a curriculum that is accurate and modern and (hopefully) comprehensible and satisfying.
The Intrinsic and Extrinsic Rewards

''Education is what survives when what has been learned has been forgotten'' -B.F. Skinner
In an article published in 1964 in The New Scientist, the psychologist B.F. Skinner described his vision for the future of education. He proposed that education would be informed by principles of psychology and that technology would make education more efficient. He also argued that the primary goal of education is teaching students how to think rather than teaching specific material. The article concludes with the idea that emphasizing intellectual development will also have an intrinsic reward in that it will increase the satisfaction of the educators themselves (Skinner, 1964) .
One intrinsic reward is associated with seeing the ''light bulb'' go off. One of my favorite 1 hr lectures is on the cochlea. The average student taking an introductory neurobiology course does not understand the mechanics of hearing. Most know that vibration is important, and a few may have heard of hair cells, but the details-the transduction cascade, the spatial encoding of frequency along the cochlea, the spectacular fields of stereocilia across the organ of corti-are all new to them. By this time in the course, students have learned about how ion channels and the Nernst potential set membrane potential, which allows them to understand that the high concentration of potassium in the endolymph is critical for hair cell depolarization. In the cochlea lecture I always point out that their understanding of this process is based on what they have learned in the course thus far, and I can always see the excitement on their faces. Knowledge has been acquired via a process of synthesis. These moments serve to remind me why I was drawn to science in the first place and why I continue to enjoy being a scientist.
Teaching also has extrinsic awards in that it directly impacts my research. Most of the undergraduates who join my lab as research assistants have taken a class from me. I introduce the fundamentals of neuroscience to these students and then translate what they have learned in textbooks and lectures to actual experiments they perform in the laboratory. My lab benefits from their engagement in several ways. First, I have found that students who understand what they are doing and, more importantly, why they are doing it conduct successful experiments that benefit the goals of the lab. Indeed, for this reason, I usually wait until undergraduates have taken an introductory neurobiology course before having them work in the lab. Second, having undergraduates in the lab forces the graduate students and postdoctoral researchers to relate their projects to fundamental principles. This is something research professors often assume that graduate students are doing internally, but communicating with a knowledgeable undergraduate often forces the issue and solidifies the concepts in the minds of the graduate students as well.
These benefits of teaching for research are true not just for the professors but for graduate students as well. A recent study (Shortlidge and Eddy, 2018) argued that evidence-based teaching does not distract graduate students from their research in that there is no tradeoff between number of publications and amount of time spent engaged in evidence-based teaching. In fact, the student found that engagement in teaching improved their confidence in their research.
Further, teaching undergraduates broadens my own perspective and knowledge. In my introductory biology course, I am obligated to give a lecture about the immune system. My PhD is in physics, and I transitioned to neuroscience late in my career. I never took an undergraduate biology course. Preparation for this lecture led me to immunologists in my department who introduced me to the basic concepts and language of their discipline. As a result, I am in a better position to understand the interactions between the immune and nervous systems, a major new frontier in neurobiology research, which directly affects my studies on the development of the visual system. A second example is in studies of ion channels-many found in the nervous system are also found in other organ systemssuch as GPCRs that are bitter receptors in the lungs, and multimodal TRP channels, which sense pressure in the retina as well as in the carotid artery. Understanding literature from varied disciplines gives me insights into my own research and potentially generates some novel research ideas.
The third and perhaps most important benefit to my research goes back to the issue of what to include and what to exclude in lectures. This decision gives every researcher the opportunity to see where their lab's investigations fit in the broader picture. We all want to be addressing and solving fundamental questions that will someday make it into our lectures. Deciding what are the most important concepts for students to grasp is also an opportune time to assess what I'm pursuing in the lab. Focusing on the narrow and detailed questions that are highly relevant to my sub-discipline is important, but it is also highly worthwhile to make sure some aspect of the research is more fundamental.
A final benefit to my research from teaching is that it has improved my ability to communicate about science. First, I have learned how to engage more deeply with changing generations and a more diverse student body-who are the future of neuroscience. In my department, we provide peer evaluation of teaching. I have found that watching younger faculty teach-with their ability to use animation creatively and reduce complex processes to iconic rather than inscrutable imageshas helped me realize new ways of communicating science to peers as well as to a more diverse blend of researchers.
Moreover, new methods of teaching, such as experiential learning and ''flipping the classroom'' (i.e., when lectures are delivered online and classroom time is devoted to problem solving and group activities) give us additional tools to identify and communicate the key concepts we want to impart. In this arena it is important to note that the burden of maintaining a modern research curriculum requires the help of full-time lecturers, which play a critical role in undergraduate teaching at large research institutions.
Teaching neuroscience involves instilling in students the ability to understand and remember but also to think and question. As researchers, we have inquisitive minds, constantly asking why, how, what if. But we also love what we do. As teachers we have the privilege and the opportunity to ignite this passion by preparing students to answer questions about neuroscience, many of which perhaps don't even exist today. How well we teach will determine the preparation level of graduate students who will eventually fill the research positions of the future, which is critical for the advancement of the field. This starts with teaching undergraduate students.
We all remember the professor who woke up our intellect. To have a former student tell me that I was one of those teachers is one of the greatest compliments I can receive. Indeed, I have often mused that, at the end of my research and teaching careers, I wonder which will have had the bigger impact.
